The Polycomb group genes in Drosophila are involved in the stable and inheritable repression of gene expression. The Polycomb group proteins probably operate as multimeric complexes that bind to chromatin. To investigate molecular mechanisms of stable repression of gene activity in vertebrates we have begun to study Xenopus homologs of Polycomb group genes. We identified the Xenopus homologs of the Drosophila Polycomb gene and the bmi-1 gene. bmi-1 is a proto-oncogene which has sequence homology with the Polycomb group gene Posterior Sex Combs. We show that the XPolycomb and Xbmi-1 genes are expressed in overlapping patterns in the central nervous system of Xenopus embryos. However, XPolycomb is also expressed in the somites, whereas Xbmi-1 is not. We further demonstrate that the XPolycomb and Xbmi-1 proteins are able to interact with each other via conserved sequence motifs. These data suggest that also vertebrate Polycomb group proteins form multimeric complexes.
Introduction
For the proper segmentation of Drosophila, homeotic genes of the Antennapedia and Bithorax complexes need to be expressed differentially in the different segments. The determined differentiation state of cells in the respective segments is marked by the correct combination of expressed homeotic genes. Maintenance of these differentiation states requires permanent repression of certain homeotic genes in some cells and permanent activation of different homeotic genes in other cells. The Polycomb group genes are involved in the repression mechanism (Lewis, 1978; Paro, 1990) .
Polycomb shares a region of homology with heterochromatin protein 1 (HPl) (Paro and Hogness, 1991) , a Drosophila protein which binds to transcriptionally inactive P-heterochromatin (James and Elgin, 1986) . The region of homology between Polycomb and HP1 has been coined the chromobox (chromatin organization modifier) (Paro and Hogness, 1991) . The Polycomb protein is * Corresponding author, Tel.: +31 20 5255115; Fax: +31 20 5255124. found to cover the transcriptionally inactive genes of the Bithorax locus (Orlando and Paro, 1993) . These findings may imply that the Polycomb protein can repress gene activity by heterochromatinization of an entire locus. Besides Polycomb up to an estimated 30-40 so-called Polycomb group mutants exhibit a for Polycomb mutants characteristic posterior homeotic transformation (Jurgens, 1985) . In general, their phenotypes are less severe than the Polycomb phenotype, but double and triple mutants of Polycomb group genes progressively resemble the Polycomb phenotype. This has led to the hypothesis that Polycomb acts with Polycomb group proteins in a multimeric complex. Thus far four Polycomb group genes have been cloned: Polyhomeotic (Deatrick et al., 1991; DeCamillis et al., 1992) , Posterior Sex Combs (Brunk et al., 1991; Van Lohuizen et al., 1991b) , Enhancer of Zeste (Jones and Gelbart, 1993) and Polycomblike (Lonie et al., 1994) . The Polycomb protein binds to about 100 loci on polytene chromosomes in the Drosophila salvary gland (Zink and Paro, 1989 (DeCamillis et al., 1992; Franke et al., 1992; Martin and Adler, 1993; Rastelli et al., 1993; Lonie et al., 1994) . This is consistent with the idea that Polycomb group proteins work together in multimeric complexes. Direct evidence that Polycomb is part of a multimeric complex comes from immunoprecipitation experiments which showed that one of the Polycomb group proteins, Polyhomeotic, co-immunoprecipitated with the Polycomb protein .
To investigate molecular mechanisms of stable repression of gene activity in vertebrates we have begun to study Xenopus homologs of Polycomb group genes. We have identified
Xenopus homologs of the Polycomb (XPolycomb) and bmi-1 (Xbmi-1) genes. The XPolycomb and Xbmi-1 genes are expressed in overlapping patterns in early Xenopus embryos. We further demonstrate that the XPolycomb protein is able to interact with itself and Xbmi-1 protein. These data are compatible with the hypothesis that also in vertebrates Polycomb group proteins can form multimeric complexes.
Results

I. Isolation and characterization of the Xenopus Polycomb gene
To isolate the Xenopus homolog of the Polycomb gene we screened a lgtl0
Xenopus oocyte cDNA library (Rebagliati et al., 1985) with a probe which encodes the chromobox of the mouse homolog of Polycomb, M33 (Pearce et al., 1992) . We obtained a 2419 bp-long cDNA clone (Fig. 1A) . Sequence analysis revealed a 1.5 kb open reading frame. The clone contains an initiation codon (position 28) two putative nuclear localization signals (positions 80 and 235) (Kalderon et al., 1984) and two polyadenylation sites (positions 2088 and 2371). A 53 aa stretch of the N-terminal region (aa position 6-59; shaded in Fig. 1A) shares 64% identity and a 84% similarity at the protein level with the M33 protein. This region encompasses the chromobox which is defined as a 47 aa stretch in the Polycomb protein (Par0 and Hogness, 1991; Messmer et al., 1992; Pearce et al., 1992) . Comparison with the Polycomb chromobox reveals a 54% identity and a 75% similarity (Fig. 1B) . The high degree of homology indicates that this region in the Xenopus protein encodes a chromobox.
As discussed by Pearce et al. (1992) , chromoboxes can be divided in two classes: the Polycomb class and the HP1 class of chromoboxes.
Like the members from the Polycomb class the Xenopus chromobox does not possess an upstream glutamic acid stretch (Fig. 1B) . The Xenopus chromobox also shares a downstream identity ILDPRL with the M33 and Polycomb chromoboxes which differs from the HP1 class of chromoboxes. A further indication that the isolated Xenopus cDNA is a homolog of Polycomb and not HPl, is a region of homology in the Cterminus (aa position 500-517; shaded in Fig. 1A ) which is shared only with the Polycomb and M33 proteins, but not with the HP1 class of proteins. This region has recently been implicated as being important for the ability of the Polycomb protein to repress gene expression (Bunker and Kingston, 1994) . The Xenopus protein shares a 61% identity and 83% similarity with the M33 protein and a 64% identity and 76% similarity with the Polycomb protein in this region (Fig. 1B) .
Beside the highly conserved chromobox and the Cterminal region, the Xenopus protein shares 20% identity and 40% similarity between aa positions 90 and 164 with the Polycomb protein. This region is histidine rich (Par0 and Hogness, 1991 A final similarity between the Xenopus protein and M33/ Polycomb proteins is their size. The Polycomb (390 aa) and M33 (519 aa) proteins are considerably longer than the HP1 class of proteins with an average size of 190 aa. The size of the Xenopus protein (521 aa) is very similar to the size of the M33 protein (519 aa).
We conclude that we have isolated a chromoboxcontaining Xenopus gene which shares several characteristics with the Polycomb genes from mouse and Drosophila. We will therefore refer to this gene as Xenopus Polycomb (XPolycomb).
Isolation and characterization of the Xenopus bmi-1 gene
The murine proto-oncogene, bmi-1 (Haupt et al., 1991; Van Lohuizen et al., 1991a ) was found to have homology with the Polycomb group gene Posterior Sex Combs (Brunk et al., 1991; Van Lohuizen et al., 1991b) . Important indications that this vertebrate gene has similar functions as Posterior sex combs comes from the observations that targeted deletion of the bmi-1 gene leads to posterior transformation of the mouse embryo (Van der Lugt et al., 1994) and that overexpression of the bmi-1 gene causes anterior transformation of the axial skeleton (Alkema et al., 1995) .
To isolate the Xenopus homolog of the bmi-1 gene we screened a 1gtlO Xenopus oocyte cDNA library (Rebagliati et al., 1985) with a probe which encodes the coding region of bmi-1 (Van Lohuizen et al., 1991a) . We obtained several positive clones. The longest, 1782 bplong cDNA clone was further characterized ( Fig. 2A) . Sequence analysis revealed a 978 bp long open reading frame. The clone contains an initiation codon (position 8) and a putative nuclear localization signal (position 280-292) ( Fig. 2A) (Kalderon et al., 1984) . The clone contains no polyadenylation sites, indicating that we did not isolate the entire 3' non-coding sequence of the gene. The protein contains a putative zinc finger motif (indicated as shaded in Fig. 2A ) and a helix-turn-helix motif (aa position 210- 224) (Van Lohuizen et al., 1991b) . The C-terminal segment of the protein (from aa 254 on) is rich in proline (P), glutamic acid (E), serine (S) and threonine (T), sequences termed PEST, which have been implicated in rapid protein degradation (Rogers et al., 1986) . At the protein level the isolated cDNA shares regions of high homology with the human BMI-1 (Alkema et al., 1993) , mouse bmi-1 (Haupt et al., 1991; Van Lohuizen et al., 1991a) , human MEL-18 (Ishida et al., 1993), mouse mel-18 (Tagawa et al., 1990) , Posterior Sex Combs and Suppressor two of Zeste proteins (Brunk et al., 1991; Van Lohuizen et al., 1991b) (Fig. 2B ). The highest homology is found in the first 250 aa: 89% identity and 96% similarity with mouse bmi-1 and 88% identity and 94% similarity with human BMI-1. The C-terminus of the protein from aa 250 to 326 is less conserved: 55% identity and 73 % similarity with mouse bmi-1 and 55% identity and 70% similarity with human BMI-1. 7 1% identity and 85% similarity with both human MEL-18 and mouse mel-18. The N-terminal segment of the protein (aa l-100) shares 50% identity and 74% similarity with Posterior Sex Combs and 39% identity and 60% similarity with Suppressor two of Zeste. Sequence homology with the Posterior Sex Combs and Suppressor two of Zeste proteins is highest in the region which contains the helix-turn-helix motif (aa 209-215, underlined in Fig. 2A ): 71% identical and 82% similar with Posterior Sex Combs and 42% identical and 65% similar with Suppressor two of Zeste. In summary, we have isolated a Xenopus cDNA which is highly homologous with the human and mouse bmi-1 genes and the mel-18 genes. We will therefore refer to this gene as Xenopus bmi-1 (Xbmi-1).
Temporal expression of the XPolycomb and Xbmi-i genes during early development
We characterized the temporal expression of the XPolycomb and Xbmi-1 genes through early embryonic development of Xenopus. Total RNA from several developmental stages was analyzed by northern blot analysis.
In initial experiments, we used radioactive labelled DNA probes, but were unable to detect transcripts, probably due to their low abundance. However, using a radioactive labelled RNA probe of high specific activity we detected an approximately 2.5 kb transcript for the XPolycomb gene and an approximately 3 kb transcript for the Xbmi-1 gene (Fig. 3) . The highest expression level of both transcripts is found in the fertilized egg throughout blastula stages. These transcripts are of maternal origin since transcription in the embryo is activated only after the midblastula transition (Newport and Kirschner, 1982) . To probes for the Xf'dycomb and Xbmi-1 genes were used for Northern analysis of total RNA (20,~g) isolated from the indicated developmental stages (Nieuwkoop and Faber 1967) . To study the localization of the maternal transcripts, the ectoderm of early stage 10 gastrula embryos was dissected into equal portions of dorsal and ventral ectoderm. Also the vegetal remainder of the embryo which consists of presumptive endoderm and mesoderm was isolated. In each case equal amounts (20,ug) of total RNA was loaded. The filter was rchybridized with a probe for Gas to verify the loading and integrity of RNA in each lane. Exposures of the filters were as follows: hybridized with XPolycomb for 1 week, with Xbmi-I for 2 weeks and Gas overnight. study the localization of these maternal transcripts within the early embryo we dissected early stage 10 gastrula embryos in dorsal ectoderm, ventral ectoderm and the vegetal remainder of the embryo which consists of presumptive endoderm and mesoderm. We found that both genes are predominantly expressed in the ectoderm, but with no apparent differences in expression levels between dorsal and ventral early gastrula ectoderm (Fig. 3) . This result was confirmed by whole mount in situ hybridization (see below).
Transcript abundance of both genes declines during gastrula stages. Zygotic transcription of the XPolycomb gene starts during early neurula stages and the abundance of transcripts continues to increase during late neurula and tailbud stages of development. The abundance of the transcripts in tailbud stages does not, however, reach the level of the maternal transcripts. The zygotic expression of Xbmi-1 starts at a late neurula stage (stage 19) and does not increase much during tailbud stages. As with the XPolycomb transcripts the abundance of zygotic Xbmi-1 transcripts does not reach the level of the maternal transcripts.
In summary, the XPolycomb and Xbmi-1 genes are expressed in similar temporal profiles during Xenopus embryogenesis. Maternal transcripts of both genes are present, but zygotic expression starts at late neurula stages and does not reach the same level of abundance as the maternal transcripts.
Spatial distribution of XPolycomb and Xbmi-I expression
We investigated the expression patterns of the XPolycomb and Xbmi-1 genes in Xenopus embryos. Whole mount in situ hybridization analysis revealed that both XPolycomb and Xbmi-1 are both predominantly expressed in the ectoderm of late blastula (stage 9) embryos (Fig.  4A, E) . Transcripts of both genes are expressed throughout the entire ectoderm. Analysis of dissected early gastrula stage embryos revealed no differences in expression levels between dorsal and ventral ectoderm (Fig. 3) .
By the early stage 15 and late stage 19 neurula stages (Fig. 4B,C) XPolycomb is expressed in the dorsal celllayers and expression has almost completely disappeared from the ventral epidermis. The gene is expressed along the entire anterior-posterior axis. In contrast with the expression of XPolycomb, only low levels of expression of the Xbmi-1 gene (compare Fig. 3) were found in the anterior regions of early stage 15 and late stage 19 neurula stages (Fig. 4F,G) . This difference in localization between XPolycomb and Xbmi-I persists throughout stage 20-28 tailbud stages (Fig. 4D,H) . Zygotic transcripts of XPolycomb were found to be localized in head regions, along the entire spinal chord and in somites (Fig. 4D) . Histological examination of the stained embryos confirmed that the gene is expressed throughout the spinal chord and somites (Fig. 5A) , the rhombencephalon and the otic
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Xpolycomb Xbmi-1 vesicle (Fig. 5B) , the mesencephalon and the optic vesicle (result not shown). Within the spinal cord, rhombencephalon and mesencephalon the expression is nonlocalized. Xbmi-1 transcripts were found in head regions and in the anterior parts of the spinal cord only (Fig. 4H) . Histological examination of the stained embryos showed that the gene is expressed in the spinal cord (Fig. 5C ) the rhombencephalon and otic vesicle (Fig. 5D) , the mesencephalon and the optic vesicle (result not shown). As with XPolycomb, the expression within the spinal cord, rhombencephalon and mesencephalon is non-localized.
These results demonstrate that the XPolycomb and Xbmi-1 genes are expressed in overlapping but not identical patterns during early Xeplopus development. Notably, zygotic transcripts of both genes are detected in the nervous system. However, whereas expression of Xbmi-1 is 
The XPolycomb and Xbmi-I proteins interact in vitro
The XPolycomb and Xbmi-1 genes are expressed in overlapping patterns during early Xenopus development. This opens the possibility that these Polycomb group proteins form a multimeric complex in the tissues in which they are both expressed. We began to study this possibility by testing whether the proteins are able to interact with each other.
A fusion protein consisting of glutathione Stransferase (GST) and full-length XPolycomb (aa l-521) was expressed in bacteria. The chimeric protein (GSTXPc) was purified by affinity chromatography on glutathione-Sepharose (Smith and Johnson, 1988 The in vitro translated full-length XPolycomb protein of approximately 65 X lo3 M, (Fig. 6A, lane 1) was able to bind to the immobilized GST-XPc (Fig. 6A , lanes 3 and 4) but did not bind to GST-Sepharose alone (Fig. 6A,  lane 2) . Similar binding capacity was observed under low salt (50 mM NaCL, lane 3) or high salt (500 mM NaCI, lane 4) conditions.
In both cases, 1 mg/ml BSA, 0.5% NP-40 and 1% Triton X-100 were present and did not prevent binding. Also the in vitro translated full-length Xbmi-1 protein of approximately 45 X lo3 il4, (Fig. 6A , lane 5) did bind to GST-XPc (Fig. 6A, lanes 7 and 8) under low and high salt conditions, but not to GSTSepharose alone (Fig. 6A, lane 6) . These results show that in vitro, XPolycomb protein is able to physically interact both with itself and the Xbmi-1 protein. No binding was observed (Fig. 6A, lane 10) when GST-XPc was incubated with a mixture of two unrelated, in vitro labelled proteins, Xenopus protein kinase C$ (XPKW) (approximately 80 X lo3 M, ) and the Xenopus G-protein a, subunit (Ga,) (approximately 40 x IO3 M,) (Fig. 6A, lane 9) .
To identify regions of the XPolycomb and Xbmi-1 proteins which are involved in the interactions between these proteins, several different portions of the proteins were tested for their capacity to interact with GST-XPc. The following fragments were chosen (Fig. 7, The Xbmi 1-188 fragment contains the conserved zinc finger motif, Xbmi 178-326 contains the helix-turn-helix motif. These in vitro labelled fragments of XPolycomb and Xbmi-1 were incubated with GST-XPc, under high salt (PBS+) conditions. XPc 1-521 (Fig. 6B, lanes 1 and  2) , XPc 1-178 (lanes 3 and 4) and XPc 375-521 (lane 7 and 8) bound to GST-XPc, but XPc 83-496 (lanes 5 and 6) did not bind to GST-XPc. Similarly, Xbmi l-326 (Fig.  6C, lanes 1 and 2) and Xbmi 1-188 (lanes 3 and 4) bound to GST-XPc, but Xbmi 178-326 (lanes 5 and 6) did not bind to GST-XPc.
The results indicate that both the conserved chromobox (XPc 6-58) and the C-terminal region (XPc 499-517) (Fig. IA) of the XPolycomb protein are involved in the interactions between the XPolycomb protein itself. The major portion of the protein (Xpc 83-496) is not involved in these interactions. Within the Xbmi-1 protein, the region containing the conserved zinc finger (Xbmi l-188) is involved in the interaction with the XPolycomb protein, but not the region of the protein containing the helix-turn-helix motif (Xbmi 187-326). These results are summarized in Fig. 7 .
In summary, our data indicate that the XPolycomb and Xbmi-1 proteins are able to interact with each other. The conserved motifs in these proteins are important for these interactions. These findings are compatible with the hypothesis that XPolycomb can form a multimeric complex with Xbmi-1.
Discussion
Polycomb is the prototypical member of the Polycomb group of genes. An important feature of Polycomb is the presence of a highly conserved protein motif, the chromobox, in the N-terminal region. The alignment of the isolated Xenopus Polycomb protein sequence with previously described Drosophila Polycomb and mouse Polycomb (M33) protein sequences suggests that we have isolated a Polycomb homolog in Xenopus. Detailed analysis of the chromobox sequence indicates that we have not isolated a homolog of the HP1 genes, which also contain a chromobox (Pearce et al., 1992) . The similarity in size of the Xenopus protein, compared with M33 and Drosophila Polycomb protein also sets it apart from the considerably shorter HP1 class of proteins. Finally, the presence of the conserved C-terminus which is shared only with Polycomb and M33 but not with the HP1 class of proteins strengthens our conclusion that the Xenopus clone is a Polycomb and not a HP1 homolog. Several stretches of amino acids between the N-terminal chromobox and the C-terminus show considerable homology with the Drosophila Polycomb protein. This further indicates that the Xenopus protein is not just a chromobox containing protein, but that it is a Polycomb homolog.
The isolated Xbmi-1 cDNA encodes a protein which shares a striking identity with mouse and human bmi-1 proteins. The Xenopus protein also shares high homology with the mel-18 proteins which are encoded by oncogenes in melanoma cells (Tagawa et al., 1990; Ishida et al., 1993) . However, particularly in the C-terminus the Xenopus protein is most related to the bmi-1 proteins.
Also, the Xenopus protein shares a double lysine-aspartic acid insertion with the human BMI-1, relative to the mouse bmi-1 protein at exactly the same position (aa position 150). We conclude that the Xenopus cDNA encodes Xenopus bmi-1 which is virtually identical to mouse and human bmi-1.
The XPolycomb and Xbmi-1 genes are expressed in two phases during early development.
Maternal transcripts are found in relatively large quantities in the fertilized egg and blastula stages and their abundance declines to very low levels during gastrula stages. The zygotic transcripts of both genes are expressed in much smaller amounts in late neurula and tailbud stages. Comparable expression profiles have been reported for the Polycomb and Posterior sex combs genes during Drosophila development (Par0 and Hogness, 1991; Martin and Adler, 1993) . Using in situ hybridization, we have examined the spatial expression patterns of XPolycomb and Xbmi-1 mRNA during Xenopus development.
The results show that XPoZycomb and Xbmi-1 transcripts co-localize in the central nervous system. Both genes are expressed essentially throughout the CNS, with no apparent dorsalventral differences in localization within the CNS like for instance members of the Xwnt gene family . The expression patterns are comparable to the expression patterns of both Polycomb and Posterior sex combs transcripts which are predominantly expressed in the CNS of mid and late stage Drosophila embryos (Par0 and Hogness, 1991; Franke et al., 1992; Martin and Adler, 1993; Paro and Zink, 1993) .
Both the M33 and the bmi-1 genes are expressed in essentially all tissues in day 12.5 mouse embryos (Pearce et al., 1992; Alkema et al., 1995) . Compared to the mouse M33 and bmi-1 genes the Xenopus homologs are expressed in a only a restricted number of tissues. The relatively late stages of the examined mouse embryos could account for the difference between the two species. The restricted expression patterns of Xpolycomb and even more so of Xbmi-1 are compatible with the very low levels of zygotic expression of these genes (Fig. 3) .
Besides co-localization of the transcripts of XPoZycomb and Xbmi-1, we observe differences in localization.
In contrast to XPoZycomb mRNA, a complete absence of Xbmi-1 expression in somites was observed in tailbud stage embryos. It has been proposed that Polycomb group proteins repress homeotic gene expression via the formation of multimeric complexes. It seems likely that those complexes are not composed of identical complements of proteins at all target loci. This could lead to specificity in the repression of different loci in different tissues. This hypothesis is based on the two observations (i) that mutations in Polycomb group genes produce subtly different phenotypes (Dura and Ingham, 1988; Glicksman and Brower, 1990; McKeon and Brock, 1991) and (ii) that immunochemical staining of Polycomb group proteins on salivary gland polytene chromosomes resulted in the identification of binding sites which are not completely identical (De Camilles et al., 1992; Rastelli et al., 1993 , Lonie et al., 1994 . Differences in the composition of multimeric complexes could be the consequence of distinct spatial expression patterns of the Polycomb group genes in the developing embryo. Differential expression of XPolycomb and Xbmi-1 in somites, suggest that tissuespecific differences in composition of multimeric complexes could exist in Xenopus embryos. The idea that XPolycomb and Xbmi-1 can be part of such a multimeric complex is reinforced by our finding that these proteins are able to interact with each other via conserved sequence motifs. Our data suggest that physical interactions between XPolycomb and Xbmi-1 proteins exist in vivo.
Experimental procedures
I. Embryos
Xenopus eggs were obtained and fertilized using standard procedures and embryos were cultured in 100% Flickinger's medium (Otte et al., 1988) . Embryonic stages were determined according to Nieuwkoop and Faber (1967) .
Isolation of Xenopus Polycomb and bmi-I genes
For the isolation of XPolycomb a 266 bp EcoRI-PstI fragment from the M33 clone which encodes the chromobox (Pearce et al., 1992) was used as probe to screen a LgtlO oocyte cDNA library. Filters were hybridized overnight at 50°C in 5X SSC, 10X Denhardt's solution, 10% dextran sulphate, 0.1% SDS, lOOpg/ml denatured herring sperm DNA and a [a-32P]ATP labelled probe (4 x IO5 cpm/ml). After being washed two times for 60 min at 50°C in 5 x SSC and 0.1% SDS and 60 min at 55°C in 2x SSC and 0.1% SDS, the filters were autoradiographed with intensifying screens for 4 days at -70°C. Positives were isolated as pure clones. The complete nucleotide sequence of the longest cDNA was determined on both strands by sequence analysis.
For the isolation of Xbmi-1 a 1125 bp EcoRI-MscI fragment which encodes the entire coding sequence of bmi-1 (Van Lohuizen et al., 1991a) was used as probe to screen a lZgtl0 oocyte cDNA library. Filters were hybridized overnight at 45°C in 5X SSC, 10X Denhardt's solution, 10% dextran sulphate. 0.1% SDS, 1OO~glml denatured herring sperm DNA and a [a-32P]ATP labelled probe (4 x lo5 cpm/ml). After being washed two times for 60 min at 45°C in 1 X SSC and 0.1% SDS and 60 min at 50°C in 1 x SSC and 0.1% SDS, the filters were autoradiographed with intensifying screens for 5 days at -70°C. Positives were isolated as pure clones. The com-
